The int gene of staphylococcal bacteriophage +11 is the only viral gene responsible for the integrative recombination of +11. To study the regulation of int gene expression, we determined the 5' end of the transcript by S1 mapping. The presumed promoter is located just 22 nucleotides upstream of the int open reading frame in a region which is conserved between +11 and a closely related staphylococcal phage, L54a. To 8325 (20) and PS54 (5), respectively. They are temperate phages capable of both lytic and lysogenic growth. In the lysogenic life cycle, the phage DNA recombines with the host chromosome by a mechanism of site-specific recombination occurring between the phage attachment site, attP, and the bacterial attachment site, attB (16, 17) . The attB sites of both phages have been mapped on the genetic map of S. aureus NTCC8325. The 411 attB site is located between thepurB and metA loci, whereas the L54a attB site is mapped within the lipase gene (geh) near tet (22, 23) .
Staphylococcal bacteriophages 411 and L54a are serogroup B, lytic group III phages originally isolated from Staphylococcus aureus 8325 (20) and PS54 (5), respectively. They are temperate phages capable of both lytic and lysogenic growth. In the lysogenic life cycle, the phage DNA recombines with the host chromosome by a mechanism of site-specific recombination occurring between the phage attachment site, attP, and the bacterial attachment site, attB (16, 17) . The attB sites of both phages have been mapped on the genetic map of S. aureus NTCC8325. The 411 attB site is located between thepurB and metA loci, whereas the L54a attB site is mapped within the lipase gene (geh) near tet (22, 23) .
Our previous studies on site-specific recombination of the two staphylococcal phages have demonstrated that two phage-encoded proteins, integrase (Int) and excisionase (Xis), are involved in the recombination reactions (30, 31) . In integrative recombination, only Int is required, while both Int and Xis are required in excisive recombination. This feature is similar to that of coliphage X (28) , indicating that 411 and L54a may control their site-specific recombination by differential expression of int and xis genes. In the X system, the expression of int is controlled by complex mechanisms which include activation by cMI, antitermination by N protein, repression by cI, and retroregulation at the sib site (see references 6 and 28 for reviews).
The DNA regions involved in the site-specific recombination of 411 and L54a have been cloned and sequenced (30, 31) . The two regions are similar in genetic organization, with the gene order attP-int-xis. The int gene is transcribed toward the attP site, whereas the xis gene is transcribed away from the attP site. Sequence comparison between the two phages, however, showed very little homology in the int andxis coding regions. Surprisingly, a high degree of homology was found at a region between the translational start * Corresponding author.
sites of the int and xis genes, suggesting that the sequences in this region may be functionally important and that the regulatory mechanisms of the genes involved in the sitespecific recombination between L54a and 411 may be similar. It is likely that the region may contain the potential regulatory sites for expression of the int or xis gene.
To study the regulation of site-specific recombination of 411, we cloned, sequenced, and genetically characterized two 411 regulatory genes, rinA and rinB, which were required for int gene expression. We also demonstrated that only one of the regulatory genes, rinA, was required to activate L54a int gene expression.
MATERIALS AND METHODS
Bacterial strains, phages, and plasmids. S. aureus RN4220, a restriction-deficient strain derived from S. aureus 8325-4 (13), was used as the recipient in transformation and library screening. Protoplast transformation of S. aureus was performed by the procedure of Chang and Cohen (3). Electroporation of S. aureus was performed as described by Kraemer and Iandolo (12) . Escherichia coli LE392 was used for recombinant plasmid propagation and plasmid DNA purification. Plasmid DNA preparation was carried out by an alkaline extraction procedure (2), followed by CsCl-ethidium bromide density gradient centrifugation. Staphylococcal bacteriophages 411 and L54a were propagated on S. aureus RN4220. Phage preparation and phage DNA purification were carried out as described previously (15) . Plasmid pLC4 (25) Recombinant DNA techniques. General DNA manipulations were performed as described by Sambrook et al. (26) . Deletion mutagenesis in vitro was performed by the exonuclease III deletion procedure (7, 10) . Rapid small-scale DNA purification was done by the method of Holmes and Quigley (11) .
DNA sequence analysis. The 2.0-kb insert containing the nn genes was cloned into bacteriophage M13 derivatives mpl8 and mpl9 (29) . The unidirectional exonuclease III deletion procedure was used to generate overlapping deletions of the DNA fragment for sequencing as described previously (30) . DNA sequencing was carried out by the dideoxy-chain termination method of Sanger et al. (27) . S1 mapping. Total cellular RNA was isolated from strains containing pCL2112, pYL306, or pYL240 as described previously (26) . The transcription start site of the int gene was determined by S1 mapping (1) . A 32P-labeled single-stranded DNA probe was made by using recombinant bacteriophage M13 mpl8 which contained the 0.5-kb BglII-AccI fragment from pCL2112 (see Fig. 2 ) at the BamHI-AccI site. The 0.5-kb DNA probe spanning the upstream region of the int gene was generated with [a-32P]TTP by using the Klenow fragment of DNA polymerase I, which yielded a specific activity of 7.0 x 107 cpm/4Lg. The 32P-labeled probe (105 cpm) was hybridized to 150 ,ug of RNA at 30'C for 16 h and then subjected to digestion with 330 U of S1 nuclease at 420C for 2 h. The protected DNA fragment was ethanol precipitated, analyzed by electrophoresis in a 6% polyacrylamide-8 M urea gel, and visualized by autoradiography.
Northern (RNA) hybridization. Total cellular RNA was isolated from cells containing pLC4, pYL306, or pYL240 and analyzed by Northern blotting (26) . RNA (25) and in S. aureus (21) . The orientation of the promoter was ensured by restriction analysis. The partial restriction map of pYL306 is shown in Fig. 1 . To construct a 4)11 library, the multiple cloning site from pUC18 was inserted into the NruI site of pYL306 by blunt-end ligation. Sau3A partially digested DNA fragments from 4)11 (4 to 6 kb) were ligated to the BamHI site of the multiple cloning site. The catechol 2,3-dioxygenase (the gene product of xylE) activities of strains containing pYL306 or the recombinants were assayed as previously described (33) .
Nucleotide sequence accession number. The GenBank accession number for the sequences reported in this paper is L07580.
RESULTS
Mapping of initiation site for int transcription. Previously, we reported that the DNA sequence of a region between the translational start sites of the int and xis genes was conserved between phage L54a and phage 4)11 (30) . This finding suggests that the conserved region may contain the potential regulatory sites for expression of the int or xis gene. Furthermore, by analogy to the X system in which the int gene is activated by cII at the int gene promoter (PI), it is conceivable that there exists an activatable promoter in 4)11 similar to that of the X system. Since we have shown previously that a plasmid, such as pCL2112, carrying only the xis-int-attP region was able to integrate into the host chromosome at a low frequency (30, 32) , we postulate that the 4)11 int gene is expressed constitutively at a low level from a proximal promoter. To determine whether there is a +11 int gene promoter located in the conserved region, total cellular RNA isolated from strain RN4220 containing pCL2112 (30) was subjected to S1 mapping. The result revealed one major protected fragment ( Fig. 2A) . The size of the fragment, determined by comparison with a sequencing ladder, was 88 nucleotides with respect to the AccI site. Thus, the transcriptional initiation site was at the A residue just upstream of the ribosome-binding site of the int ORF (open reading frame). At 10 nucleotides upstream of the start site we found (Fig. 2B) .
Cloning of the +11 regulatory gene for int expression. The fact that PI is located at the conserved region just upstream of the gene strongly implies that the regulatory site for the int gene is also in the conserved region. Thus, this result provides us the basis for using the conserved region to study the regulation of int gene expression. A transcriptional fusion plasmid, pYL306, was constructed by ligating the conserved region to the promoterless xylE gene as described in Materials and Methods (Fig. 1) . Strain RN4220(pYL306) exhibited no XylE activity (Fig. 3) and did not give rise to yellow colonies when sprayed with 0.5 M catechol (25) . The fusion plasmid pYL306 was then used as a vector to construct a +11 genomic library. Plasmids representing the +11 DNA library were first constructed in E. coli LE392 and then transformed into S. aureus RN4220. The transformants were screened for xyIE expression by spraying with 0.5 M catechol. From about 500 colonies, 2 yellow colonies were found. The recombinant plasmids were isolated and designated pYL228 and pYL230. Strain RN4220 carrying either one of the recombinant plasmids showed a positive XylE phenotype (6.0 to 6.5 mU; Fig. 3 ). The DNA fragments from the recombinant plasmids were both mapped in the K-L region of the 411 EcoRI restriction map, between the early and late regions (see Fig. 8 ) (14, 19) .
To confirm that the cloned DNA fragment contained the regulatory gene which activated int expression and to determine whether the activation is at the transcriptional or translational level, Northern analysis was performed. Singlestranded DNA specific for the int gene as described in the Materials and Methods was used for hybridization. The result shows that the int mRNA was elevated substantially by the presence of the cloned fragment (Fig. 4) DNA sequencing of the rin genes. The 2.0-kb DNA fragment containing the regulatory gene was recloned to bacteriophage M13 vectors mpl8 and mpl9 and subjected to sequence analysis. The entire fragment was sequenced on both strands as described in Materials and Methods. Four ORFs, ORF1 to ORF4, which could encode for proteins of 140, 68, 62, and 72 residues, respectively, were found. To determine which of these ORFs was required for activation of the int gene, deletions with various lengths were generated by exonuclease III deletion in pYL270. The resultant plasmids were transformed into strain RN4220 and assayed for XylE activity. The results shown in Fig. 5 indicate that both ORF1 and ORF3 were required for activation of the int gene. ORF1 and ORF3 were designated nnA and rinB (regulatory for int gene expression), respectively. The nucleotide and deduced amino acid sequences of the rinA and rnB genes are shown in Fig. 6 . The rinA ORF was preceded by a typical ribosome-binding site located 6 bp upstream of its starting codon, whereas the rinB gene was not. In addition, no consensus promoter sequence was found further upstream of either gene. To test whether the cloned DNA fragment contains the rin gene promoter, the cloned DNA fragment from pYL240 was recloned in the opposite orientation on the same vector. No XylE activity was observed, indicating that there is no promoter specific for the nn genes (result not shown). Therefore, the nn gene must be driven by a promoter from the vector.
Computer analysis of the deduced amino acid sequence showed that RinA protein was a basic protein with a pI of 9.96, suggesting that it might be a DNA-binding protein, and that the RinB protein is an acidic protein with a pI of 4.9. Neither protein was shown to have significant homology to any known regulatory protein.
Rin activates PI. To examine whether Rin activates int expression at PI or at other promoter upstream, we performed S1 mapping by using RN4220 harboring either pYL240 or pYL306. In both cases, the 5' ends of the transcripts were all mapped to the same nucleotide as that of pCL2112, indicating that the int gene was transcribed from the PI when activated by Rin (results not shown). To further confirm this conclusion, we deleted the Pint from the PintxylE fusion of pYL272 (Fig. 5) . The result (not shown) showed that there was no detectable XylE activity in strain RN4220 harboring the deleted plasmid, indicating that there are no promoters other than PI that can be activated by Rin.
+11 rinA cross-activates LS4a int. Since a highly conserved We cloned and sequenced the 411 DNA fragment containint gene. To this end, an L54a Pint-xylE fusion plasmid, ing the regulatory genes required for activation of the 411 int pYL304, was constructed similarly to plasmid pYL306. The gene. The rin genes were identified by screening a 411 DNA fragments generated by exonuclease III deletion library for activation of the int promoter fused to a reporter shown in Fig. 5 were recloned into pYL304 at the same sites gene, xylE. The activation was confirmed by Northern blot and in the same orientation as in pYL306. The resultant analysis, which also showed that the activation was most plasmids were transformed into S. aureus RN4220 and likely exerted at the transcriptional level.
assayed for XylE activity. It was found that the +41 rin gene
The result from the S1 nuclease protection assay shows was able to activate L54a int gene transcription (Fig. 7) .
that transcription of the int gene starts 22 nucleotides upHowever, only the rinA gene was required for the activation.
stream of the translational start site. Although a -10 conDeletion of the rinB gene did not result in any reduction of sensus sequence was found in the PI promoter, no -35
XylE activity. The activation also depended on the orientaconsensus sequence was found. This feature is common to tion of the cloned DNA fragment. the genes which require an additional activator for effective (8, 9) . Similarly, catabolite activation protein-dependent promoters in E. coli also lack a good -35 sequence (4, 24) . By analogy to these systems, one of the two GC-rich inverted repeats found in the +11 PI promoter region could be the binding site for the regulatory protein, Rin. The binding would facilitate RNA polymerase binding at the promoter, thereby activating int expression. However, further experiments are required to localize the Rin binding site in order to confirm this speculation.
The hypothesis that PI is the target site for Rin activation was suggested by S1 mapping of the transcription start site of the int gene in the presence or absence of the fin genes. The fact that removal of the PI promoter region from plasmid pYL272 resulted in elimination of XylE activity further confirmed this conclusion. These results also exclude the possibility that Rin acted as an antiterminator to terminate transcription from a distal promoter upstream of the int gene.
Our results showed that two genes, rinA and rinB, are required for int gene activation (Fig. 5) . Such a requirement is reminiscent of the X system, in which both CII and CIII are required for the X int expression initiated from PI. In X, specific binding of X CII near PI activates int expression, while CIII stabilizes CII, possibly by protecting it from proteinase degradation (6, 28 It is worth noting that the cloned DNA fragment does not contain a promoter for the rin genes. Therefore, a promoter from the plasmid vector must be utilized to transcribe the nn genes, which, in turn, activate int expression. Examination of the recombinant plasmids, such as pYL270 (Fig. 5) , suggests that the promoter for transcribing the rin genes is likely to be PI of the constructed Pint-xylE fusion. If this is the case, how then can PI be utilized to transcribe the downstream rin genes when its transcription requires transcription of the tin genes? The answer lies in the finding that there is a low level of constitutive expression from PI which is too low to be detected by the XylE assay. This conclusion is based on the following two observations. (i) In our previous cloning experiments, the int gene was able to mediate recombination when the gene was placed at various sites in different vectors (30, 31) . (ii) The RNA used in the S1 mapping experiment shown in Fig. 2A was obtained from strain RN4220 carrying pCL2112, which contained attP-intxis but did not contain the tin genes. Thus, in the recombinant plasmids, because of the basal-level transcription from PI, the Rin proteins were initially produced at a low level from PI. The low levels of Rin proteins then positively regulate the transcription from PI to produce more Rin proteins. Such autogenous activation would continue until an equilibrium state is reached.
Since the activation that we have demonstrated so far was tested only in cis, we also attempted to show that the regulator proteins can also trans activate the PI promoter.
However, all attempts to express the rin genes from several S. aureus promoters failed, possibly because overexpression of tin genes is harmful to S. aureus (as well as toE. coli [32] ). Experiments are under way to construct a suitable expression vector for this purpose.
Because expression of the 4)11 int gene is regulated by tin at a site within the 110-bp sequence between the translation start sites of the int and xis genes, it is of interest to determine whether the tin genes also regulatexis expression. To this end, we also constructed a Pxis-xylE fusion plasmid (pYL307) similar to that of pYL306 (Fig. 1) . Strain RN4220 containing this fusion plasmid exhibited XylE activity at about 6 to 7 mU, indicating that thexis gene is constitutively expressed. When the tin genes were cloned into the fusion plasmid, no change in XylE activity was observed in either orientation, suggesting that the tin genes do not regulate xis expression (results not shown). However, it is possible that Rin is not made in this construct. Since the DNA fragment containing the tin genes in pYL307 is constructed exactly the same as in pCL306 and since XylE activity was observed in pCL307, it is reasonable to assume that in one orientation, the tin genes were expressed from the promoter of the xis-xylE fusion.
The map locations of the tin genes and their target gene, int, on the 4)11 map are summarized in Fig. 8 . The two loci are separated by about 15 kb, which is about one-third the size of the entire 4)11 genome. This region was previously shown to contain the early genes (14, 19) . The results presented in this report, therefore, are consistent with these earlier findings.
In conclusion, we have demonstrated that the expression of +11 int was activated by the tin genes. The activation is most likely at the transcriptional level. The rin locus consist of two genes, rinA and ninB, which are transcribed in the same orientation. One of the genes, rinA, is able to activate the L54a int gene. (18, 19) . The approximate regions of early, head, and tail genes are shown. Broad arrows represent orientation of transcription. +, activation.
